Abstract. Breast cancer is the leading cause of cancer-associated mortality in females. It has an incidence of 1.3 million per year, which increases by 2% annually. In China, breast cancer accounts for 12.2% of all cancer cases. The aim of the present study was to investigate the inhibitory effect of naringenin on triple-negative breast cancer cells. Lactate dehydrogenase and MTT assay was used to investigate the inhibitory effect of naringenin on MDA-MB-231 cell viability. Naringenin reduced the viability of MDA-MB-231 cells by arresting the cell cycle at the G 2 phase. Naringenin treatment not only influenced the phase of cell cycle arrest, but also induced apoptosis in a dose-dependent manner. Naringenin treatment also resulted in a significant increase in caspase-3 and caspase-9 activity (P<0.001). Taken together, the results of the present study suggested that naringenin caused an inhibitory effect on MDA-MB-231 cells via induction of apoptosis and inhibition of caspase-3 and -9 activity.
Introduction
Breast cancer is the leading cause of cancer-associated mortality in females worldwide (1) . By 2030, the number of women diagnosed with breast cancer worldwide could almost double to 3.2 million a year unless urgent action is taken. (1, 2) . In China, breast cancer accounts for 12.2% of all cancer cases (2, 3) . Recent evidence has suggested that 500,000 breast cancer-associated mortalities occur worldwide each year, 10% of which occur in China (3, 4) . Current available therapeutics for breast cancer, which include surgery, radiotherapy and chemotherapy, have not markedly reduced the mortality rate of patients with breast cancer, and often cause toxic side effects (4, 5) . The majority of synthetic cancer chemotherapeutics are cytotoxic. Furthermore, numerous complications may arise following radiation or surgical treatments of breast cancer, including neuropathy, axillary vein thrombosis and cardiovascular disease (5, 6) . Currently used therapies have an unsatisfactory prognostic outcome in patients with estrogen receptor-positive breast cancer, aged ≤40 years (6, 7) . Combination therapy may improve survival time; however, limitations remain in that current therapies are often unable to prevent metastasis and recurrence (7, 8) . Although endocrine therapies targeting estrogen may enhance the survival rate of patients with breast cancer, chemoresistance is frequently observed (8, 9) . Triple-negative breast cancer is particularly resistant to endocrine therapy (9, 10) . Therefore, the identification of novel and effective approaches to treat patients with breast cancer is urgently required. Naringenin (4',5,7-trihydroxyflavanone) is a bioflavonoid, abundant in tomatoes, citrus fruits and grapes, which has been demonstrated to have anti-inflammatory, anti-oxidant and anticancer properties (10, 11) . A previous study suggested that naringenin exerted an anti-inflammatory effect in dextran sulfate sodium-induced colitis in mice (11, 12) . The present study was aimed to elucidate the effect of naringenin on breast cancer cells in vitro.
Materials and methods
Cells. The triple-negative breast cancer MDA-MB-231 cell line was purchased from the American Type Culture Collection (Manassas, VA, USA), and was cultured with RPMI-1640 medium (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) supplemented with fetal bovine serum from Gibco/Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA) (10%), streptomycin (100 µg/ml) and penicillin (100 U/ml) at 37˚C in 5% CO 2 .
MTT assay. An MTT assay was used to determine cell viability. MDA-MB-231 cells were treated with 0, 10, 20, 40 or 60 µg/ml naringenin in 96-well plates for 24 or 48 h. Fluorouracil (Sigma-Aldrich; Merck KGaA) (100 µg/ml) was used as a positive control. The cells were incubated with MTT at a final concentration of 0.5 mg/ml for 4 h at 37˚C. Cell cycle assay. Cells at density of 1x10 5 cells/well were treated with naringenin at 0, 40 or 80 µg/ml for 24 h. Following treatment, the cells were washed with 2 ml PBS following centrifuging 5 min at 200 x g (at room temperature) and the cell pellet was resuspended in 1 ml (1%, w/v) paraformaldehyde in PBS (pH 7.4) on ice for 30 min. The cell pellets were washed twice in 5 ml PBS. Ethanol (70%) was gradually added to the cells while vortexing to reduce cell clumping. The cells were stored at -20˚C for 48 h after which cells were pelleted after centrifuging at 500 x g (at room temperature) for 10 min. The cells were then washed in 2X PBS and 1 ml of propidium iodide (PI) master mix containing 100 µg/ml RNase and 40 µg/ml PI in PBS and incubated for 20 min at room temperature (Cayman Chemical, Ann Arbor, MI, USA). Cell cycle phase distribution was determined using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). ModFit LT cell cycle analysis software (Modfit LT 2.0; Verity Software House Inc., Topsham, ME, USA) was used to determine the percentage of cells in the different phases of the cell cycle.
Immunofluorescence analysis. Cells were cultured on glass coverslips and treated with 0, 40 or 80 µg/ml naringenin for 24 h, fixed with cold 100% methanol (-20˚C), and permeabilized with 0.5% Triton X-100 (Sigma-Aldrich; Merck KGaA) in PBS. Cells were then incubated with primary antibodies of mouse anti-α-tubulin (1:1,000, T6074; Sigma-Aldrich; Merck KGaA), mouse anti-γ-tubulin (1:1,000, T5326; Sigma-Aldrich; Merck KGaA), mouse anti-cyclin B1 (1:1,000, SC-245; Santa-Cruz Biotechnology, Inc., Dallas, TX, USA), or rabbit anti-phospho-histone H3 (06-570; Merck KGaA) at dilutions of 1:1,000 and were incubated at 37˚C for 15 min. The 3 µM DAPI solution was prepared in staining buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 0.1% Nonidet P-40), cells were stained for 15 min at room temperature with Vectashield Mounting Medium with DAPI (cat. no. H-1200; Vector Laboratories, Inc., Burlingame, CA, USA) and cells were observed with a 63x objective on an Axioplan2 fluorescence microscope (Zeiss GmbH, Jena, Germany).
Apoptosis assay. Cells were treated with 0, 40 or 80 µg/ml naringenin, and apoptosis was measured using an Annexin V-FITC Apoptosis Detection kit (BD Biosciences, San Jose, CA, USA). The cells at a density of 3x10 6 cells/well in 6-well plates were incubated at 48 h with naringenin or with dimethyl sulfoxide as control. Then the cells were treated with hydrogen peroxide (3%) to induce oxidative stress in an incubator at 37˚C under 5% CO 2 atmosphere. The cells were then washed three times with ice-cold PBS and treated with 100 µl binding buffer. Incubation of the cells for 20 min was then performed with 3 µl Annexin V-FITC and 10 µl PI (both from BD Biosciences). Apoptosis analysis was performed using a flow cytometer (Becton-Dickinson, San Jose, CA, USA) using FloMax software (v2.4d; Partec GmbH, Münster, Germany).
Western blot analysis. Cells were treated with 0, 40 or 80 µg/ml naringenin and incubated at room temperature for 24 or 48 h. The cells were lysed using radioimmunoprecipitation assay buffer, containing Tris-HCl (50 mM; pH=7.3), NaCl (150 mM), EDTA (0.1 mM), sodium deoxycholate (1%), Triton X-100 (1%), NaF (0.2%), Na 3 VO 4 (2 mM) and protease inhibitors, for 10 min at room temperature. The lysate was then centrifuged at 16,000 x g for 15 min at 4˚C. The prepared supernatants were collected and the Bradford assay method was used to determine protein concentration. Protein was separated by SDS-PAGE, and transferred onto polyvinylidene difluoride membranes.
Cells were lysed with radioimmunoprecipitation assay buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate) supplemented with 0, 40 or 80 µg/ml naringenin. An equal amount of proteins (50 µg) was resolved using 12% SDS-PAGE gels and transferred onto a polyvinylidene difluoride membrane. The membrane was blocked with Tris-buffered saline containing 0.1% Tween-20 and 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA), and then incubated with the rabbit polyclonal anti-PAR (1:1,000; cat. no. 4336-BPC-100; Trevigen Inc., Gaithersburg, MD, USA), rabbit polyclonal anti-cleaved PARP-1/PARP-1 (1:100; cat. no. sc-25780; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and anti-β-actin (1:2,000; cat. no. A5060; Sigma-Aldrich; Merck KGaA) at 4˚C overnight. The immunoblots were washed three times with Tris-buffered saline containing 0.05% Tween (10 min/wash), followed by incubation with goat anti-rabbit immunoglobulin G (1:5,000; cat. no. 05557; Sigma-Aldrich; Merck KGaA) for 2 h at room temperature. The blots were visualized using Quantity One software, (version 4.5.2; Bio-Rad Laboratories, Inc., Hercules, CA, USA), and the optical density was analyzed using a Gel-Pro analyzer (Media Cybernetics, Inc., Rockville, MD, USA).
Statistical analysis. The data are presented as the mean ± standard deviation. One-way analysis of variance was used to analyze differences between the groups with Fisher's least significant difference test used as a post-hoc test. SPSS software (version 21.0; IBM Corp., Armonk, NY, USA) was used to perform the statistical analyses. P<0.05 was considered to indicate statistically significant difference.
Results

Naringenin inhibits the viability of MDA-MB-231 cells.
LDH activity and MTT assays were used to investigate the effect of naringenin on MDA-MB-231 cells. Fig. 1A demonstrates the dose-dependent inhibition of MDA-MB-231 cell viability by naringenin. Naringenin treatment of 40 µg/ml for 24 or 48 h reduced cell viability by 45-30% compared with control. Fluorouracil demonstrated the greatest inhibition; however, 80 µg/ml naringenin demonstrated high inhibition compared with standard drug. Fig. 1B demonstrates the dose-dependent increase in LDH release after 24-and 48-h treatments with naringenin. It has been identified that the number of colonies that formed with and without naringenin treatment, and that naringenin treatment significantly inhibited the colony formation of MDA-MB-231 cells ( Fig. 2A and B) .
Effect of naringenin on MDA-MB-231 cell cycle distribution.
The proportions of cells in the G 2 /M and G 1 /G 0 phases were significantly increased and decreased, respectively. The proportion of cells in S phase was unchanged (Fig. 3A) . Fig. 3B demonstrates the DNA distribution among cell cycle phases. MDA-MB-231 cells were arrested by naringenin at the G 2 /M phase. Western blotting and immunofluorescence were used to differentiate G 2 phase cells from M phase cells by analyzing the protein expression level of pH3, an M phase marker ( Fig. 3C and D) . The semi-quantitative analysis of pH3 positive cells was also provided in Fig. 3E . This revealed that naringenin treatment reduced the percentage of pH3-positive cells. Fig. 4A demonstrates the effect of naringenin on the apoptosis of MDA-MB-231 cells. Naringenin treatment caused a significant increase in the percentage of apoptotic cells compared with the control. It also resulted in an increase in anti-PARP levels (Fig. 4B) .
Effect of naringenin on the induction of apoptosis of breast cancer cells.
Effect of naringenin on caspase-3 and caspase-9 activity. The activity of caspase-3 and caspase-9 was significantly increased subsequent to naringenin treatment in concentration dependent manner ( Fig. 5A and B) .
Discussion
Breast cancer is the most common type of cancer diagnosed in Chinese women and is the second most common cause of cancer-associated mortality (14-16). There are numerous established risk factors for breast cancer, including age, genetic alterations, family history, mammographic breast density, menstrual and menopausal history, radiation exposure, and life style. In particular, the hormones, estrogen and/or progesterone, are known to be capable of increasing breast cancer risk (17, 18) .
As demonstrated in the present study, naringenin decreased the cellular viability of breast cancer cells. When treated with a cytotoxic compound, living cells may face one of two fates. They either stop growing and dividing, or die through either necrosis or apoptosis (19) . When the cell membranes are compromised or damaged in any way, lactate dehydrogenase (LDH), a soluble yet stable enzyme found inside every living cell, is released into the surrounding extracellular space. Since this only happens when cell membrane integrity is compromised, the presence of this enzyme in the culture medium may be used as a cell death marker (20) . Thus, in the present study, the level of LDH was enhanced significantly with the increased concentration of naringenin. The effect of an anticancer agent on the ability of single cells to grow into colonies was determined by colony formation assay (21) . Breast cancer cells treated with naringenin exhib- (21) . Breast cancer cells treated with naringenin exhib-. Breast cancer cells treated with naringenin exhibited a decline in colony formation. It was therefore concluded that naringenin downregulated the growth of MDA-MB-231 cells via cell cycle arrest at the G 2 /M phase phase. Apoptosis is a form of programmed cell death that results in the orderly and efficient removal of damaged cells, such as those with DNA damage (22) . Apoptosis may be triggered by signals from within the cell, including genotoxic stress, or by extrinsic signals, including the binding of ligands to cell surface death receptors (23) . Deregulation in apoptotic cell death machinery is a hallmark of cancer. Apoptosis alteration is responsible not only for tumor development and progression but also for tumor resistance to therapies (24) . Most anticancer drugs currently used in clinical oncology exploit the intact apoptotic signaling pathways to trigger cancer cell death (25) . In the present study the naringenin resulted in modulation of apoptosis in breast cancer cells which was in accordance with previous studies (26) (27) (28) . Multiple genes are involved in apoptosis, however, the key mediators of the process are the caspases. Caspases are aspartate-specific cysteine proteases, which cleave their substrates on the carboxyl side of the aspartate residue (29) . Currently at least 14 different caspases are known to exist, of which 2/3 serve a function in apoptosis. The caspases involved in apoptosis may be divided into two main groups, the initiator caspases (e.g., caspases-8, -9 and -10) and the downstream effector caspases (e.g., caspases-2, -3, -6 and -7). It is the members of the latter group that degrade multiple cell proteins and are responsible for the morphological changes in apoptosis (30) (31) (32) . In the present study, naringenin causes dose-dependent increase of caspase-3 and caspase-9 activity in the breast cancer cell. Overall, the present study suggested that naringenin had an anticancer effect on breast cancer cells. 
